Japan and has also been used in Europe and Korea (7). These are used as rare earth magnetic-retained overdenture support (2). This type of overdenture is attached to a magnet, which is implanted in the mandible (2). Rare earth metal magnetic implants can cause significant MRI distortions if all detachable parts, including the keeper and magnet, are not removed.
█ INTRODUCTION
A luminum-nickel-cobalt magnets have sometimes been used for dental implants (2) . Magnetic resonance imaging (MRI) distortions caused by magnetic dental implants have been known for decades (3, 14) . However, rare earth metal, for example, neodymium and samarium magnets, are several times more powerful and durable than conventional magnets and have recently revolutionized the whole industry (10) . This type of dental implant is popular in images. In addition, distortions caused by magnets are local and non-linear, cannot be corrected, and are subtle in the operation field distant from the magnet ( Figure 1A -H).
We report a case involving surgical failure caused by a magnetic dental implant. Surgical failure caused by magnetic dental implant-related distortions of MRI in deep brain stimulation (DBS) patients has not been previously reported.
█ CASE REPORT Clinical History
A 62-year-old male patient with an 18-year history of Parkinson's disease had been treated with medications. The patient was indicated for DBS. Preoperatively, the levodopa equivalent dose was 1960 mg and the patient was taking levodopa, sustained release levodopa, ropinirole 12 mg, and amantadine 100 mg (21) . Preoperatively, the Unified Parkinson's Disease Rating Scale part III scores for medication off and on were 56 and 28, respectively, with 50% improvements in the levodopa challenge test.
Imaging and Surgical Planning Protocols
After the application of a Leksell frame (Elekta, Stockholm, Sweden), non-contrast 1.5-mm-thick computed tomography (CT), 1.5 T MRI, including magnetization prepared rapid gradient echo for anterior commissure-posterior commissure selections and T2 sequence for target selection, were preoperatively performed (17) . Subthalamic nucleus (STN) targets and entries were marked in the SurgiPlan® version 9.0 (Elekta) software using 1.5 T MRI defined by stereotactic markers, 1.5 T MRI co-registered to non-enhanced CT, and 3 T MRI coregistered to non-enhanced CT. MRI distortions and co-registration errors were compared with CT images in Surgiplan ® . After the operation, non-contrast CT images were checked to identify electrode locations and hemorrhagic complications. Postoperatively, low specific absorption rate 1.5 T MRI was checked after the removal of the frame (4, 17) . Electrode locations were checked against in postoperative MRI (7).
Surgical Procedure
Quadripolar DBS electrodes (3389, Medtronic, Minneapolis, MN, USA) were bilaterally used for STN. Entry points were defined at a coronal suture. Target coordinates were calibrated for better targeting within 0-1 mm (9) . Target coordinates were set in the Leksell stereotactic frame. The final electrode position was checked by the intraoperative C-arm. Postoperatively, low specific absorption rate 1.5 T MRI was checked before the removal of the frame (4, 17) . Electrode locations were checked against postoperative MRI (7) . At the first operation on June 14, 2014, the right side was operated first and the left side was operated next in a single operation session.
Image Distortions and Errors in the First DBS
During the stereotactic MRI procedure for the first DBS, the overdenture attached by the magnet force was removed. However, a special type of implant with a magnetic disc at the top was not recognized and remained in position (Figure 2A-D) . In the preoperative stereotactic imaging, distortions near the magnetic implants were severe with image deformation and signal loss ( Figure 1A-H) . Distortions in areas closer to the dental magnets were as large as 11-22 mm in the lower nasal septums. In the axial image at the subthalamic area level, distortion involving a shift of approximately 4.6 mm ( Figure 1A-H) occurred. However, image shape changes were unrecognizable. Bony structure distortions were confused with normal nasal septal deviations and asymmetry at this level (8) . The image distortion in the target area may have been aggravated by stereotactic marker shifts, which may have resulted in a larger total error of ≤ 5.9 mm (Figure 1A-H) . This distortion caused large errors at postoperative lead locations, which were 5.4 mm on the right side and 2.7 mm on the left side from the intended targets (1, 6) .
Intraoperative Microelectrode Recordings, Stimulations, and Track Selections
In the initial operation, we routinely inserted 3 microelectrodes initially and inserted additional microelectrodes when needed. Therefore, anterior, center, and lateral electrodes were initially inserted. Right-side microelectrode recordings were obtained at the point of −10 mm from the target. Because STN multiunit activities and irregular spikes were poor in three tracks, an additional two tracks (medial and posterior) were recorded (19) . Among the five tracks, STN signals were found only in the anterior and posterior microelectrodes. During anterior electrode stimulation, no symptom improvement was observed. Symptoms improved with the bradykinesia and the rigidity grade decreased from 2 to 0 at 2 V, 60 µs, and 130 Hz intraoperative posterior track stimulation. From 3 V, facial dystonia appeared, and the stimulation voltage was not increased further. However, there were no tracks better than the posterior track, and the electrode was inserted into the posterior track. The electrode tip was located at the target when checked by intraoperative radiography with a C-arm. For the left side, STN microelectrode recording signals and symptom improvement from macrostimulations were best in the lateral track. A lead was inserted into the lateral track. Because the direction of distortion was toward the right side, the selection of the lateral track (the electrode at the furthest left) was also correct and the approximate 4-mm deviation caused by the distortion was reduced by approximately 50%.
Postoperative Course after the First DBS
No hemorrhagic complications occurred. Postoperative stimulation settings to minimize side effects were right 0-electrode, 3.5 V, 90 µs, 90 Hz, and left 2+1-electrode, 90 µs, and 90 Hz. Initially after the first DBS, levodopa equivalent doses were 1360 mg. At 10 months after the first operation the levodopa equivalent dose increased to 1727 mg. We speculated that the stimulation-induced swallowing difficulty and drooling are related to the right pyramidal tract stimulations from the right electrode location close to these structures. Freezing of gait was not improved by the stimulation and sometimes worsened.
MRI Distortion Correction by Dental Magnet Removal
After the failure of the first surgery, we suspected MRI distortions from a dental implant as the cause. We, then, A) In this axial image at the surgical target level, the distortion is subtle and difficult to recognize. However, shifts toward the right side are present in comparison to computed tomography without distortion. B) In the lowest axial slice of the T2-weighted sequence, these distortions are still subtle and difficult to differentiate from normal anatomic variations including nasal septal deviations and facial asymmetry. C) The lower area is only covered by a magnetization prepared rapid acquisition gradient echo sequence. The distortion increases because the location is closer to dental magnetic implants. D) The most severe distortion is shown in the lowest axial image. However, distortions were not preoperatively discovered because these images were not used for direct targeting. E) Preoperatively, non-contrast computed tomography (upper image) and T2-weighted magnetic resonance imaging (lower image) were obtained. Soft tissue contrast in non-contrast computed tomography was rather obscure for identifying distortions and midline shifting. In CT and MR images registered by stereotactic markers, the right-side distortion was 4.6 mm in the subthalamic area. After this event, we preoperatively obtain contrastenhanced CTs to check distortions. F) Anterior plate left corner stereotactic marker in CT (upper image) and MRI (lower image) co-registered based on images not using stereotactic markers. The center of red crosses is the location of the CT stereotactic marker. MRI marker locations are different by 5.9 mm. G) Left lateral plate anterior stereotactic marker shown by the same method. MRI markers are distorted to the anterior and left directions with a different angle. H) Anterior plate right corner stereotactic marker shown by the same method. This marker is distorted to the left and posterior. Considering (F), (G), (H), and (E) with left deviation and clockwise rotation of stereotactic markers when images were coregistered, MRI was distorted with the shift toward the right and counter clockwise rotation. This may be related to the direction of the magnetic field.
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of improvement for the revision was 1+ (12) . Medication was reduced to 600 mg levodopa equivalent dose.
Three months after the revision, the stimulation frequencies were lowered from 130 Hz to 80 Hz, which resulted in partial improvement in freezing of gait (20) in the lower frequency stimulation suggested in the literature (15). The patient was followed for 15 months after the revision. The medication was increased to 900 mg per day in the last follow-up.
█ DISCUSSION
Structure of Magnetic Dental Implants and Stereotactic Surgical Pitfalls
Strong rare earth metal magnets in dental implants are used to support magnetic-retained overdenture (2) . The magnets of these dental implants are detachable along with the keeper removed the dental magnets (Figure 2A-D) . After removal, the distortions were almost completely reduced ( Figure 3A-D) .
Bilateral Lead Revision and Microelectrode Recording Tracks
Three tracks, including the anterior, center, and lateral tracks, were used for bilateral microelectrode recordings and macrostimulations. The STN signals were better than those at the first operations. For both sides, the anterior tracks were selected on the basis of intraoperative microelectrode recordings and symptom improvement caused by stimulation ( Figure 4A, B) . Both leads were revised ( Figure 4A, B) . Postoperatively, with stimulation, the tremor grade was 0, the bradykinesia and rigidity grades improved from 2 to 0, gait disturbance was grade 1, and stooped posture was grade 2. After the revision, swallowing difficulty and drooling side effects disappeared, and the patient's global impression scale Because of the distortion, the right electrode was greatly misplaced. D) Skull radiograph after the second DBS without distortion and revised leads. The magnetic discs over keepers (white arrows) were removed reducing most distortions. Nonmagnetic metal implants on the maxilla were also replaced by resins to minimize metal artifacts.
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removal of overdentures before MRI is an insufficient measure for this special type of magnetic implants. The magnet and keeper should also be removed to minimize magnetic and metal artifacts.
screw below it connected to the permanent implant ( Figure  2A-D) . To reduce MRI distortions when needed, magnetic parts are removed and replaced with non-magnetic metal parts in permanent implants (13) . MRI technicians routinely remove overdentures before performing MRI. However, the 
A)
In lower axial images near the upper teeth, the distortion was most severe. B) After the removal of dental magnets and implants, the distortion was corrected. C) In the more superiorly located axial image, the distortion was less severe because the distance from the magnet causing nonlinear local distortion increased. D) After the removal of dental neodymium magnets, the distortions were corrected. 
A B C D A B Nasal Septal Deviation as an Indicator of Large MRI Distortions
A crooked nose can be a sign of MRI distortion ( Figure 3A-D) . However, these MRI axial slices are lower than neurosurgical targets and may be unrecognized during surgical planning.
In addition, a deviated nasal septum is a common normal variation (8) and cannot be used as a definite indicator of a subtle MRI distortion.
Routine Precautions to Detect MRI Distortions
Obtaining a preoperative dental history and questioning the patient specifically about magnetic implants are important tasks. The specific shape of magnetic dental implants (Figure 2A-D) can be identified in skull radiographs. All axial images distant from surgical targets should be inspected for unusual distortions. Contrast-enhanced CT can be used for comparison to accurately check distortions.
█ CONCLUSION
Knowledge on magnetic dental implants and taking appropriate precautions are important in stereotactic surgeries. Non-linear distortions in the operative field and in stereotactic markers may be subtle and can be missed by both surgeons and the software. This case illustrates the surgical precautions that should be considered or taken, and the need for distortion detection or correction software algorithms. 
Intraoperative Correction by Microelectrode Recordings and Stimulations
Microelectrode recordings and intraoperative stimulation showed that the selected posterior and lateral tracks were the closest to subthalamic nucleus among the five tracks. The intraoperative corrections appeared to be effective (16) . However, 2-mm shifts were insufficient, particularly for the right side, to correct large errors.
Criteria for Lead Revision
Deviations of > 2 mm have been suggested in the literature to require revision (18) . Both electrodes, particularly the right lead, clearly exceeded the acceptable range of error.
Considering the ineffectiveness and side effects, the lead revision was inevitable.
Non-linear Distortion Characteristics from Rare Earth Metal Magnetic Dental Implant
Unlike typical MRI distortions, which are the greatest at the periphery and smallest at the center, the distortions were greater at the central area closest to the dental magnets in this case (11, 22) . The characteristics of MRI distortion caused by strong rare earth metal magnets are not well known and appear to shift and rotate whole images in addition to causing great local distortions ( Figures 1A-H, 3A-D) . In addition, the stereotactic error-checking algorithm of the software we used could not reject complex non-linear distortion errors using stereotactic marker deviations. We speculate that stereotactic markers are distant from the magnets, which results in subtle distortion and shifts and rotations of all markers together. This type of distortion was accepted in the software. When images are registered with stereotactic markers, CT and MRI stereotactic markers could be overlapped because of small, <1-2 mm errors. However, the distortion of images closer to dental magnets was much greater with 4.6 mm right shifts when registered using stereotactic markers. Counter clockwise rotations over 6 mm distances were suggested on the basis of marker displacements when we co-registered the CT and MR images on the basis of images not using stereotactic markers ( Figure 1A -H). Our case shows that even large distortions can be missed when they are unevenly and subtly distributed. A different error detection algorithm may be required to automatically detect local non-linear distortions or correct distortions. It has also been suggested that non-linear MRI distortion cannot be fully compensated by the linear coregistration algorithm used in most software (23) . Therefore, software corrections would be very difficult, so causes of distortions should be removed.
Use of Contrast-enhanced CT for MRI Distortion Checks
In a co-registration study, contrast-enhanced vessels were used as landmarks for CT-MRI fusion (5). Contrast-enhanced CT better visualizes vessels, and these can be directly compared with vessels on MR images to check distortions when images are registered using stereotactic markers (5). Non-contrast CT could not easily and conspicuously identify a deviated midline of the soft tissue ( Figure 1A-H) .
